Abstract. The helix is a complex geometrical element. During the process of a dynamical measurement of the helical deviations, many factors, including the machine and the environment, lead to measurement errors. Although ISO as well as national standards stipulate the tolerances and assessment methods for helical deviations, these standards contribute little to the uncertainty calculations concerning such measurements. According to the Guide to the Expression of Uncertainty in Measurement (GUM), all measurement results must have a stated uncertainty associated to them. But in most cases of helical deviation measurements, no uncertainty value is given, simply because no measurement uncertainty calculation procedure exists. For the case of helical deviation measurements on a Computer Numeric Control (CNC) polar coordinate machine, this paper analyses in detail all kinds of factors contributing to the measurement uncertainty, and gives the calculation procedure of the measurement uncertainty of helical deviation. As an example, the calculation of the measurement uncertainty of the helical deviations of a worm is presented.
Introduction
Helical curves are widely applied in engineering. A great number of machine elements, as for example gears, worms, threads, rotors, and some cutting tools use the helix. In order to control the quality of machine elements, helical deviations must be measured. Consequently, some measurement methods for that purpose have been developed [1] . Today only the dynamic measurement based on polar coordinate machines is the preferred method used to measure helical deviations.
The helix is a complex geometrical element. During the process of a dynamical measurement of the helical deviations, many factors, including the machine and the environment, lead to measurement errors. Although ISO as well as national standards stipulate the tolerances and assessment methods for helical deviations, these standards contribute little to the uncertainty calculations concerning such measurements.
According to the GUM [3] , all measurement results must have a stated uncertainty associated to them. But in most cases of helical deviation measurements, no uncertainty value is given, simply because no measurement uncertainty calculation procedure exists.
Based on the accuracy standards of machine elements with helical surfaces [4, 5] , such as worms, lead screws, hobbing cutters, etc., the tolerance of 1-coil helical deviations is the strictest compared to 3-coil or whole travel helical deviations, and is also the hardest item to control in practice. Therefore, the measurement uncertainty of 1-coil helical deviation is of universal significance and importance.
For the case of helical deviation measurements on a CNC polar coordinate machine [2] , this paper analyses the influence factors contributing to the measurement uncertainty of helical deviations and demonstrates the calculation for a worm as an example. The following calculations are based on one coil of the helix of a worm (module 4, pressure angle 20°, lead 12.566mm, reference circle diameter 78.51 mm, lead angle 2°55′, single threaded).
In general, many factors contribute to the measurement uncertainty of helical deviations. However, the main error sources of a CNC polar coordinate machine are: errors due to the mechanical system, errors of the reference system, and errors originating from signal processing as well as software algorithms, as we will show in the following.
Uncertainty Components due to the Mechanical System
There are four uncertainty contributors due to the mechanical system of the machine to be considered, namely components resulting from the Abbe error, components resulting from parallelism deviations of the axes, components resulting from the machine spindle and the optical grating assembly, and a component resulting from the transmission error of the precision coupling.
Components resulting from the Abbe error
As the machine structure does not obey the Abbe principle, the Abbe error has to be taken into account when the slider moves along the axis. There are two uncertainty components of the Abbe error:
1) The standard uncertainty component 
Components resulting from parallelism deviations of the axes
The centre axis and the sliding axis of the machine are not necessarily parallel. The parallelism deviations cause two uncertainty components:
1) The standard uncertainty component
resulting from parallelism deviations of the top generatrix. The respective error is given by 
For our example a parallelism deviation of the front generatrix of 2µm per 200 mm was measured, i. e. we have 
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Components resulting from the machine spindle and the optical grating assembly
The rotation error of the spindle can be decomposed into three components, namely the axial shift, the radial run-out, and the angular swing. In our example, the measurement error was not so much caused by the axial shift, but mainly from the radial run-out. The rotation error θ ∆ can be calculated as
where e is the radial component of the rotation error and R is the radius of the circular optical grating of the machine. The maximum value max θ ∆ of the rotation error leads to an error component
For our example we have e = 1µm and R = 120 mm, which results in 
Component resulting from the transmission error of the precision coupling
The precision coupling connects the work-piece with the spindle and thus guarantees the synchronization of their respective rotations. For our example, the transmission error τ of the precision coupling has been estimated to be " 1 ± . This yields an error value of 0097 . 0 
Uncertainty Components Caused by Errors of the Reference System
There are three uncertainty contributors caused by the reference system of the machine to be considered, namely component resulting from the indexing error of the circular and the axial linear optical grating, respectively, and a component resulting from the error of the probing sensor.
Component resulting from the indexing error of the circular optical grating
The indexing error ϕ ∆ of the circular optical grating leads to an error component
For our example we determined " 1 ± = ∆ϕ , which leads to 0097 . 0 
Component resulting from the error of the axial linear grating
A two-frequency laser interferometer can be used in order to measure the error of the axial linear grating. For our example, we obtained an error of 42 . 0 
Measurement Technology and Intelligent Instruments IX

Component resulting from the error of the probing sensor
The probing sensor of the optical grating is usually corrected for systematic errors and is calibrated. The useable working length of the probing sensor is much smaller than 1mm. Moreover, the construction of the linear grating yields an error averaging effect. Thus we may conclude, that the error caused by the probing sensor is negligible, i. e. we set the standard uncertainty component of this error 0
Uncertainty Components Caused by Signal Processing and Software Algorithms
The processing of the signals from the circular and the linear grating introduces quantization errors as uncertainty contributors. If the data processing unit is simple, an uncertainty component caused by the software algorithms must additionally be taken into account.
Component resulting from the quantization error of the circular grating
The error component resulting from the quantization error 1 3− u of the circular grating is proportional to Pz and inverse proportional to the product of the index number (number of subdivisions of the scale) and the subdivision value of the circuit.
In our example, the index number of the circular optical grating was 36000 with a subdivision value of 40. This yields a quantization error of 0087 . 0 
Component resulting from the quantization error of the linear grating
The error component resulting from the quantization error 
Component resulting from the error of the probing sensor
Component resulting from the error of the data processing unit
The data processing device used in the machine of our example is simple, having only two significant bits of resolution. This is the main error source and leads to an error of the data processing unit of 005 . 0 
Uncertainty Component Caused by the Repeatability of the Helical Deviation
The repeatability is defined as measurement precision under a set of repeatability conditions of measurement, out of a set of conditions that includes the same measurement procedure, same operators, same measuring system, same operating conditions and same location, and replicate measurements on the same or similar objects over a short period of time [6] .
In our example, one coil of the helix of the worm with the parameters given above was measured twenty times, in order to obtain the measurement repeatability, yielding the result 43 . 0 4 = = σ u µm by applying method A of the GUM.
Combined and Expanded Measurement Uncertainty
All the above mentioned contributions to the uncertainty budged have been of type B according to the GUM, with the exception of the uncertainty component caused by the repeatability of the helical deviation, which is of type A. It can be justified, that all uncertainty components are mutually independent. Thus all correlation coefficients are zero and the formula for the calculation of the combined measurement uncertainty simplifies to
where k u denotes the above mentioned uncertainty components. Using this formula for our example, we obtain a combined standard uncertainty of 5065 . 0 = c u µm.
From the formula for the expanded uncertainty
as stated in the GUM, we obtain for our example an expanded uncertainty of 52 . 1 = U µm, if a coverage factor of k = 3 is used.
Conclusion
Comparing the results calculated above with the accuracy standards [4, 5] for some machine elements using helical surfaces, we easily can make the decision, that the measuring machine we have examined here meets the measurement requirements for class AAA hobbing cutters, class A shaving cutters, class 4 gears, and class 3 worms.
Many error sources are involved in helical deviation measurement using CNC method. The key problem of a valid uncertainty calculation is to determine the error sources and their characteristics. The proposed calculation procedure can be used as well for other measuring tasks of geometrical parameters in gear manufacturing, such as tooth profile deviations, as far as an uncertainty calculation is necessary.
